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ABSTRACT OF THESIS 
ENHANCED ANALYSIS OF LIGNIN DEHYDROGENATION OLIGOMERS VIA 
MASS SPECTROMETRY 
Effective analytical techniques need to be developed to characterize the products 
of lignin degradation experiments to be able to generate renewable products from lignin. 
Mass spectrometry is an valuable analytical approach for lignin characterizaion, but it is 
hindered by lignin’s poor ionization efficiency, especially in the positive ion mode. In 
this work, we attempt to improve lignin’s ionization by utilizing electrospray and laser 
desorption mass spectrometry coupled with the addition of cations and chemical 
derivatives. We confronted the ionization problem from both a top-down and bottom-up 
analytical approach by analyzing synthesized monomers, dimers, and polymers along 
with natural lignin extracts from switchgrass. We also utilized tandem mass spectrometry 
to sequence lignin dimers and determine their bonding motifs from their fragmentation 
patterns. We believe that resolving the ionization issues with lignin will open the door for 
easier and more efficient lignin break-down techniques and ultimately more accessible 
renewable products from lignin.  
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CHAPTER 1: INTRODUCTION 
Lignin is the second most abundant naturally-occurring polymer behind cellulose. 
It is composed of three monolignol units coumaryl alcohol (H), coniferyl alcohol (G), and 
sinapyl alcohol (S) shown in Figure 1.1. Lignin chemistry has increased in relevance for 
its use in biorefineries, bioplastics, and renewable sources of carbon for fine materials.1-5 
However, the lack of effective analytical techniques for characterization of lignin 
degradation products still remains to be an issue.6-7
Figure 1.1. Structures of a) coumaryl alcohol (H), b) coniferyl alcohol (G), and c) sinapyl alcohol 
(S). 
Mass spectrometry has proven to be an effective tool for molecular weight 
determination and characterization of complex biological mixtures.8 Researchers have 
applied this tool to elucidate the structure of lignin products, but due to lignin’s poor 
ionization efficiency, signals can be very low or non-existent. Mass spectral data for 
lignin is generally collected in the negative ion mode (M-H+) because it produces better 
signals than the positive ion mode (M+H+).9 Adducts can be added to lignin to further 
increase the intensity of the signals, but they usually do not work with tandem mass 
spectrometry because after fragmentation, one fragment is seen with the adduct and the 
other fragment leaves as a neutral. Therefore, analysis of lignin degradation products
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 remains challenging and is not utilized to its full capacity.10-11
Infusion electrospray mass spectrometry (ESI-MS) is an efficient tool 
for structural determination of complex organic and biological compounds. ESI-MS is 
a soft ionization technique, which means that the chemical species stay intact and 
very few fragment ions are formed upon ionization.12 This phenomenon is ideal when 
analyzing compounds, such as lignin, that require adducts to be ionized. ESI works by 
pumping a sample solution through a stainless-steel capillary that has a high 
voltage on its tip relative to the surrounding source. The electric field created causes a 
charged spray cone to occur at the capillary tip, also known as a Taylor cone, that 
emits the electrospray droplets. To create better nebulization, the capillary is heated 
and a sheath gas, usually N2, is used. The sheath gas can also help in directing 
gas flow towards the mass spectrometer inlet. The electrospray droplets formed 
undergo solvent evaporation and coulombic fission to become smaller charged droplets.  
There are two theories on how the charged droplets that enter the mass 
spectrometer via ESI are actually formed. The first is the ion evaporation model (IEM) 
where smaller solvent–ion clusters are directly emitted from larger charged 
droplets because of the combination of a strong electric field created on the droplet 
surface and the continuously shrinking size of the larger droplet. As solvent 
evaporates, the charge density of the droplet becomes greater until it reaches its 
Rayleigh limit, and the droplet can not support the charge and creates a secondary 
Taylor cone emitting smaller clusters. The smaller clusters then continue to evaporate 
until just the dissolved charged ions remain. The charged residue model (CRM) says the 
formation of gas-phase ions is the result of continuous evaporation of the solvent and
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 subsequent charge transfer. It states that there is a single analyte in the charged 
solvent droplet. As the last of the solvent evaporates, the solvent donates its 
charge to the analyte, leaving behind a charged, solvated analyte for analysis. 
Most researchers have concluded that a combination of both of these models must 
occur depending on the droplet’s size.12-14  
Another mass spectral technique that utilized for biological and organic 
samples is Matrix Assisted Laser Desorption/ Ionization - Time of Flight - Mass 
Spectrometry (MALDI-TOF). MALDI-TOF mass spectrometry is widely 
employed for the visualization of molecular weight distributions along with 
individual monomer additions into a polymer chain.  It is also considered to be a soft-
ionization technique which again makes it ideal for lignin analysis. The MALDI 
process is believed to work by mixing a dissolved analyte and matrix together and 
letting them co-crystalize and dry onto a metal surface. A laser then strikes the 
mixture and the matrix clusters are ablated from the surface in a ion plume. This ion 
plume includes neutral, positive, and negatively charged species. The matrix absorbs 
the energy of the laser and transfers it to the analyte. The analyte is thought to 
desorb as a neutral and then ionized by proton-transfer reactions with the matrix.15-16  
In this work, we attempt to improve lignin’s ionization efficiency by taking 
advantage of mass spectrometry via ESI and laser desorption techniques.  We 
analyzed monomers, dimers, synthesized polymers and natural lignin extracts to work 
from both a top-down and bottom-up analytical approach. Adducts were used to assist 
in the ionization process including cations and chemical derivatives. A culmination of 
the methods and results of these experiments is presented in the following chapters.  
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CHAPTER 2: DANSLYATION OF LIGNIN OLIGOMERS 
2.1 INTRODUCTION 
Improving the ionization efficiency of lignin is imperative to be able to interpret 
its structure so it can be used for other processes. In the past, researchers have been able 
to improve ionization by adding adducts such as Na+ and K+ in the positive ion mode and 
Cl- in the negative ion mode. All of these techniques work, but signal intensities are still 
low, especially in the positive ion mode.  
Dansylation is a simple and robust method performed as a chemical 
derivatization for quantification of amino acids, amines, and phenolic hydroxyls.17-18 
Liang Li has done extensive dansylation research in the field of metabolomics and has 
developed methods for dansylating phenolic hydroxyls over other alcohols based on the 
pH range selected for the reaction. Li found that the dansyl group can react to form a 
covalent bond on amines and phenols, which can help enhance the ESI sensitivity, 
improve chromatographic retention, and enable quantification and identification of 
complex samples via mass spectrometry.19-22 The structure of dansyl chloride is 
shown in Figure 2.1. Because each of the lignin monomers and model compounds 
contain at least one available phenolic hydroxyl group, this method is a possible 
avenue to explore for increasing ionization efficiency of lignin compounds.  
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Figure 2.1. Structure of dansyl chloride. 
 In this experiment, we attempt to attach a dansyl group from dansyl chloride to 
lignin monomers and dimers and analyze them via infusion electrospray on a Q Exactive 
mass spectrometer. By preforming a dansylation reaction on these lignin compounds, we 
hope to improve lignin’s ionization and subsequently its signal response.  
2.2 METHODS 
Li’s method of dansylation was used and adjusted for this experiment.19 The 
dansyl chloride to lignin model compound ratio was optimized to ensure that the reaction 
went to completion and ultimately produced the best spectra overall. The best ratio of 
dansyl chloride to lignin was found to be 1.5:1 respectively, which is equimolar 
concentrations.  
2.2.1 Synthesis 
Monolignols and β-O-4 dimers were synthesized as previously reported.21  
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2.2.2 Dansyl Attachment 
A 1.0 mg/mL solution of monolignol or dimer in acetonitrile was prepared and 
mixed in equal parts with a 0.5M sodium carbonate/ sodium bicarbonate buffer (pH=9.4). 
There was a phase separation because of the salting out effect of the aqueous buffer when 
mixed with the organic monolignol solution. Each phase was taken for analysis, and it 
was determined that the top layer contained the sample and thus was the appropriate layer 
for the reaction. The top monolignol-containing layer was mixed with an equimolar 
dansyl chloride (DC) solution in a 1:1.5 ratio. Then, it was incubated for 1 hour at 60°C. 
A 1μL aliquot of ethanolamine was added to terminate the reaction, and then the solution 
was incubated for another 30 min.  
2.2.3 Infusion MS Experiments 
The danslyated lignin samples were diluted 100-fold in equal parts acetonitrile 
and water. Those solutions were then introduced into the mass spectrometer by a syringe 
pump at a flow rate of 3 µL per minute. All experiments were completed using a 
ThermoScientific Q-Exactive Orbitrap mass spectrometer with a high temperature ESI 
source (HESI). The spray voltage was set to 4-4.5 kV, the sheath auxiliary gas flow was 
22 (arbitrary units), and the inlet temperature was 250 0C. All data was acquired and 
processed using the ThermoScientific Xcalibur software. 
2.3 RESULTS 
The lignin monolignols were analyzed first to establish if the dansylation process 
would be successful on the simplest lignin compounds. The G monolignol was used as 
the basis of the experiment because it contains one methoxy group, which is in between 
the H and S monolignols. Figure 2.2 shows the mass spectrum of the product of the G 
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monolignol dansylation reaction in the positive ion mode. The peak at m/z 414 is 
representative of the G monolignol plus one dansyl group, which proves the reaction was 
successful.  
There is also a large peak at m/z 475 which is G plus one dansyl group and an 
ethanolamine. The ethanolamine that was used to terminate the reaction was actually 
forming an additional adduct that was further enhancing the overall signal.  Ultimately, 
the additional adduct attachment of ethanolamine was not wanted for the experiment. 
However, the same reaction was tried on the other two monolignols to confirm its 
validity.  
Figure 2.2. High resolution mass spectrum of G monolignol dansylation reaction. 
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Figure 2.3 shows the H monolignol’s mass spectrum. Again, the peak at m/z 384 
show the H monolignol with one dansyl group attached and the peak at m/z 445 shows 
the dansylated H monolignol along with an ethanolamine attachment. The dansylated H 
monolignol peak is slightly more intense than for G, but the dansylated H monolignol 
with ethanolamine is still the most pronounced peak. 
Figure 2.3. High resolution mass spectrum of H monolignol dansylation reaction.  
The S monolignol produced similar results to the H and G monolignols with the 
dansylated S peak at m/z 444 and the ethanolamine adduct peak at m/z 505, shown in 
Figure 2.4. The dansylated S monolignol peak is the smallest overall and the dansylated S 
monolignol with the ethanolamine adduct is the most intense peak overall compared to 
the H and G monolignol adducts. Based on this data, we believe that the number of 
methoxy groups on the monolignol do affect the relative reactivity of the molecule to 
form a secondary adduct with ethanolamine. 
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Figure 2.4. High resolution mass spectrum of S monolignol dansylation reaction. 
Since we proved the dansylation reaction can work on monolignols, we tried the 
same process on several dimers. In Figure 2.5 is the mass spectrum of a H-(β-O- 4)-G 
dimer after the dansylation reaction under the same conditions as the monolignols. The 
dansylated HG dimer peak should be at m/z 579 and the ethanolamine adduct peak 
should be at m/z 640, however, neither peak showed up. This was the case for the other 4 
dimers tried as well, which were H-(β-O- 4)-H, H-(β-O- 4)-S, G-(β-O- 4)-G, and S-(β-O- 
4)-S.  
We attempted to re-optimize the ratio for the dansylation of the dimers to no 
avail. We altered the ratios, increased the reaction time, changed the temperature, 
eliminated the termination step, and still never produced a successful dansylated dimer. 
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We believe the problem lies in the steric hinderance of the phenolic hydroxyl group when 
the monolignol dimerizes. Because the dansyl adduct is bulky, we believe there is not 
enough space to attack the one open phenolic hydroxyl during the reaction, and therefore 
the reaction simply does not occur. The project was terminated at this point due to lack of 
effective dansylation of dimers and thus no improvement in ionization.  
Figure 2.5. High resolution mass spectrum of H-(β-O- 4)-G dimer dansylation reaction. 
2.4 CONCLUSION 
Dansylation is an effective approach for ionization of phenolic hydroxyls and 
amine containing samples. Li’s dansylation method used for lignin monolignols was 
successful and improved overall ionization efficiency in the positive ion mode, even with 
the additional ethanolamine adduct. However, when the method was applied to lignin 
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dimer compounds, steric hinderance prevented the dansylation from occurring. 
Ultimately, this method is not useful for our goal of improving ionization of lignin model 
compounds or eventually natural lignin extracts.  
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CHAPTER 3: SYNTHESIS OF LIGNIN DEHYDROGENATION POLYMERS 
3.1 INTRODUCTION 
In order to attempt to improve ionization efficiency of more than just small 
monomer and dimer systems, larger oligomers of lignin needed to be synthesized. There 
are many methods for synthesizing lignin oligomers in the literature.  Lignification in 
vitro can be easily mimicked using transition metal one-electron oxidants, like iron or 
copper, or using enzyme initiators of radicals, such as peroxidases or laccases.22-24 John 
Ralph and co-workers have even modeled different lignin combinatorial coupling 
reactions via computer simulations to attempt to find the ideal reaction conditions to 
control the molecular weight distribution and the bonding motifs of synthesized lignin 
oligomers.25 Because the literature is vast and at times complex, the methodology we 
needed had to be fast, simple, and repeatable.   
Yoshioka et. al. published a simple methodology for a preparation of a coniferyl 
alcohol dehydrogenation polymer that could be completed in under 24 hours on a larger 
scale. Their synthesis was preformed using a modified Zutropfverfahren method, in 
which a lignin monomer solution is gradually added into a reaction that already contains 
a peroxidase solution. The gradual addition of monomer helps favor an end-wise 
polymerization reaction. Their reaction produced a dodecamer for the largest oligomer 
and a good distribution of smaller oligomers when analyzed via MALDI-TOF mass 
spectrometry.26 Because of these results, Yoshioka’s methodology was selected for the 
basis of our polymerization reactions. 
In this experiment, we used the methodology from Yoshioka and modified it for a 
faster, small-scale polymerization reaction. The reaction conditions were optimized to 
13 
produce an large oligomer that had a good molecular weight distribution when analyzed 
via electrospray mass spectrometry (ESI-MS).  
3.2 EXPERIMENTAL 
To determine the ideal reaction conditions for the polymerization, reaction rates, 
reaction time, and the order of addition were optimized. The optimized reaction rate was 
found to be 50μL/min. The polymerization was found to produce the best results when 
the reaction was completed in under 5 min and the horse radish peroxidase and hydrogen 
peroxide solution were introduced into the sample solution simultaneously at the same 
rate.  
3.2.1 Polymerization reactions 
The radical polymerization reaction is set up using a syringe pump system. Fifty 
milligrams of the G monolignol was dissolved in 500μL of acetone and diluted to a 
volume of 10mL with a 20mM sodium phosphate buffer (pH =6.4). The monolignol 
solution was then placed into the reaction vial. While stirring, a 0.25mg/mL horse radish 
peroxidase (HRP) solution dissolved in phosphate buffer along with a 0.3% hydrogen 
peroxide solution also dissolved in the phosphate buffer were pumped into the reaction 
vial at the same rate of 50μL/min seen in Figure 3.1. When the reaction was completed, 
the HRP G oligomer was extracted with ethyl acetate, which is more compatible with the 
ESI-MS analysis. After extraction, the G oligomer was infused in equal parts of a 10mM 
ammonium chloride solution and acetonitrile, which is a previous method for analysis 
from our research group.21 The ammonium ion allows the polymer to be seen in the 
positive mode and the chloride ion allows it to be seen in the negative.  
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Figure 3.1. Image of syringe pump setup for polymerization reactions. 
3.2.2 ESI conditions 
The ammonium chloride polymerization solution was introduced into the mass 
spectrometer by a syringe pump at a flow rate of 3 µL per minute.  All experiments were 
completed using a ThermoScientific Q-Exactive Orbitrap mass spectrometer with a high 
temperature ESI source (HESI). The spray voltage was set to 4-4.5 kV, the 
sheath auxiliary gas flow was 22 (arbitrary units), and the inlet temperature was 250 oC. 
All data was acquired and processed using the ThermoScientific Xcalibur software. 
3.3 RESULTS 
The lignin dehydrogenation oligomers were analyzed in both the negative and 
positive modes to determine the degree of polymerization and the molecular weight 
distribution. The HRP G oligomer should produce spectra at each monomer addition in 
the polymer chain plus an ammonium ion in the positive ion mode, and in the negative 
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ion mode, it should produce ions with one chloride attachment at each monomer addition 
in the chain. Here we show the data for the HRP G polymerization reaction that will be 
used in Chapter 4 for a later experiment.  
Figure 3.2 shows the product of the G polymerization reaction in the negative ion 
mode. The G dimer, trimer, tetramer, pentamer, hexamer, and heptamer peaks can be 
seen in the full scan with each of these oligomers adding exactly one chloride ion. For 
example, the G dimer has a molecular weight of 358 g/mol if it contains a β-β or β-5 
bond. To add the chloride ion, the dimer first loses a proton then adds the chloride ion 
which increases the molecular weight by 35 g/mol and produces the peak at m/z 393. The 
zoomed version of this polymer can be seen in Figure 3.3, where the G octomer, 
nonamer, and decamer also exist in the spectra with one chloride ion each. The difference 
in the molecular weights of each monomer that attaches to the polymer chain can tell you 
something about the type of bond that is forming. For example, an addition of m/z 180 
from the dimer to the trimer is most likely a β-O-4 bond. Whereas for the trimer to the 
tetramer peaks, there is a difference of m/z 178 which could be a β-β or β-5 bond. 
Tandem MS would have to be performed to determine the exact bonding motif.  
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Figure 3.2. ESI full scan of G polymer in negative ion mode. 
Figure 3.3. ESI zoomed in scan of G polymer in negative ion mode.  
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In several of the G polymer's negative mass spectra, there was a peak at m/z 
393 that did not have the correct accurate mass to be the G dimer, meaning that the 
numbers after the decimal point differed. On a high-resolution mass spectrometer, 
the spectral values should be accurate down to the ppm level, which means the other 
peak at m/z 393 was not the G dimer peak showing up. We originally thought that this 
may be due to degradation of the polymer from reacting too long or not extracting the 
polymer immediately. However, we analyzed one of the polymers that was synthesized 
the previous day and looked for signs of degradation and saw the result in Figure 3.4. 
The real time scan was cycling between the 2 mass defects we had seen 
previously. This zoomed-in scan in Figure 3.4 shows the isotopic distribution of two 
different molecules showing up at almost the same mass. The isotope distribution to the 
left is the G dimer, while the one to the right was determined to be glycerol monostearate, 
which is a common additive used as an emulsifier in food stuffs. Glycerol monostearate 
is also added to HRP, which is used the polymer synthesis, for this same reason. Without 
the power of a high-resolution mass spectrometer, this contaminate would have never 
been discovered.   
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Figure 3.4. (-) ESI zoomed-in scan of freshly synthesized G polymer.   
Figure 3.5 shows the product of the G polymerization reaction in the positive ion 
mode. The G dimer, trimer, tetramer, pentamer, and hexamer peaks can be seen in the full 
scan with each of these oligomers adding one ammonium ion. For example, the G 
trimer with the molecular weight 538g/mol would add one ammonium ion worth 18 g/
mol to produce the ion at m/z 556. The zoomed version of this polymer can be seen in 
Figure 3.6, where the G heptamer, octomer, nonamer, and decamer also exist in the 
spectra with one ammonium ion each. The glycerol monostearate contaminate is also 
visible in the positive ion mode at m/z 376.  
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Figure 3.5. ESI full scan of G polymer in positive ion mode. 
Figure 3.6. ESI zoomed in scan of G polymer in positive ion mode.   
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The longest G oligomer produced by this polymerization reaction was a decamer. 
The molecular weight distribution varied slightly with every iteration of the polymer 
synthesis, but in a majority of the synthesized oligomers, dimer, trimers and tetramers 
were the dominate products. There was then a steep drop off in signal intensity from the 
tetramers to the pentamers with a more gradual decrease in intensity to the decamers. 
This result shows that the polymerization reaction prefers to make lower molecular 
weight oligomers under our reaction conditions.  
3.4 CONCLUSION 
The Yoshioka methodology was successfully modified for a faster, small-scale 
polymerization reaction. The HRP G polymerization reaction produced decamers that 
favored lower molecular weight oligomers. The HRP contaminate was identified and 
ultimately did not interfere with the analysis due to the resolving power of the high-
resolution mass spectrometer. This HRP G oligomer can be used as a larger lignin model 
to attempt to improve lignin’s ionization efficiency.  
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CHAPTER 4: MALDI ANALYSIS OF LIGNIN OLIGOMERS 
4.1 INTRODUCTION 
Matrix Assisted Laser Desorption/ Ionization - Time of Flight - Mass 
Spectrometry (MALDI-TOF) is a powerful technique that is utilized in synthetic polymer 
and protein analyses, but it is not often utilized for lignin degradation products due to 
lignin’s poor ionization efficiency.26-27 Yoshioka and co-workers, mentioned in Chapter 
3, have successfully analyzed synthesized coniferyl alcohol dehydrogenation polymers 
via MALDI-TOF and surface-assisted laser desorption/ionization on nanostructured 
silicon (NALDI-TOF) by utilizing a 2,5-dihydroxybenzoic acid (DHB) matrix spiked 
with trifluoracetic acid. While both methods produced visible spectra, the greatest 
advantage of using NALDI over MALDI was observed in the lower range of m/z 500–
800, which produced more intense signals overall.26 Richel and co-workers utilized an α-
cyano-4-hydroxycinnamic acid/ α-cyclodextrin (CHCA/CD) matrix system which also 
allowed for efficient ionization of low molecular weight lignin oligomers in the positive 
ion mode.27 While these analyses did improve ionization using their matrices, the ion of 
interest was [M+H+] for lignin in the positive ion mode, which is known to produce poor 
signals.28-29 Adducts can to be added to lignin analyses to increase the intensity of the 
signals21, but finding a compatible matrix for a particular adduct can be difficult.30 
Therefore, the correct matrix selection for lignin analysis is critical. 
2,5-dihydroxyacetophenone (DHAP) is a robust crystalline matrix primarily used 
in protein and biomolecular studies.31-33 DHAP is known to produce less complex spectra 
with better mass resolution than some more commonly used matrices such as CHCA and 
DHB. In a study by Penno et al., the optimal sample preparation of several commonly 
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used matrices with small proteins and peptides was compared and analyzed via 
MALDI-TOF mass spectrometry. The 8 differently prepared matrices were then scored 
and ranked to determine the best sample preparation in a variety of categories. They 
discovered that the droplet dried DHAP matrix preformed best overall and scored 
the highest in resolution and detectability, both of which have been issues with 
lignin analyses previously.30 The addition of metal salts, such as Li+, Na+ and K+ to 
the DHAP matrix can also help increase the mass spectral response of the 
sample.34-35 Due to lithium’s small size and ability to coordinate to multiple carbon 
and oxygen species36, we chose lithium as the cation of interest for the evaluation of 
lignin cationization in a DHAP matrix.  
Tandem mass spectrometry is a vital tool for giving information about 
fragmentation patterns and structural sequencing of complex species. MALDI-LIFT 
TOF/TOF mass spectrometry is a fast, sensitive, and high output method of exploring 
peptides, proteins, and complex molecules’ fragmentation patterns by a laser induced 
dissociation (LID).37-40 Utilizing MALDI-LIFT TOF/TOF in the analysis of lignin allows 
us to unambiguously identify lignin degradation products with the same molecular weight 
from their fragmentation ions, which will be an extremely useful tool in our analyses.  
In this work, we produced an alternative mass spectrometric method for ionizing 
lignin model compounds, synthesized polymers, and treated natural lignin extracts. Nine 
lignin β-0-4 model dimers compounds were synthesized and analyzed by a MALDI-TOF 
mass spectrometry. Lithium cationization of lignin dimers was employed with a DHAP 
matrix and was compared to a CHCA matrix and other cations to produce higher 
resolution spectra with greatly increased signal intensities in the positive ion mode. The 
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reproducibility was also tested with several model dimers to ensure that the results would 
be repeatable. Two different methods for synthesizing lignin polymers were employed 
and analyzed along with formic/acetic acid lignins (FAL) extracted from switch grass 
using the same methodology for proof of concept. Structurally significant information 
from fragmentation patterns was also obtained by performing laser induced dissociation 
MALDI-LIFT TOF/TOF mass spectrometry on each isolated ion of interest. 
4.2 METHODS 
4.2.1 Dimer Synthesis 
The synthesis of the nine lignin dimer model compounds, H-(β-O-4)-H, H-(β-O-
4)-G, H-(β-O-4)-S, G-(β-O-4)-H, G-(β-O-4)-G, G-(β- O-4)-S, S-(β-O-4)-H, S-(β-O-4)-G, 
and S-(β-O-4)-S was published previously (21). All dimers were dissolved in acetonitrile 
at 0.2 mg/mL for analysis. 
4.2.2 HRP Oligomer Synthesis 
The synthesis of the HRP G oligomer is described in Chapter 3 of this thesis. 
The G oligomer was analyzed via MALDI-TOF in the ethyl acetate extract form.  
4.2.3 Transition Metal Oligomer Synthesis 
The transition metal oligomer was synthesized by a colleague in our research 
group and was analyzed via our MALDI methodology. The synthesis protocol is listed 
here. The G monolignol (0.139 mmol) was dissolved in 200 uL ethanol and transferred to 
5 mL distilled water with rapid stirring.  A solution of FeCl3 (0.216 mmol dissolved in 5 
mL distilled water) was added dropwise over 60 minutes.  The solution was stirred for an 
additional 60 minutes and quenched by transferring to 100 mL distilled water and 
immediately extracted twice with 50 mL ethyl acetate.  The ethyl acetate extracts were 
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combined, passed through sodium sulfate and the ethyl acetate was removed by rotary 
evaporator to produce a slightly yellow, viscous oil.   
4.2.4 FAL Switchgrass Lignin Preparation 
The FAL switchgrass lignin was prepared by a colleague in our research group 
and was analyzed via our MALDI methodology. The preparation is listed here. Dried 2 
mm particle size switchgrass samples were obtained from collaborators in the Montross 
Laboratory at the University of Kentucky, Lexington, KY, USA and used as received. A 
10 g sample of switchgrass was mixed with a mixture of formic acid, acetic acid, and 
water (30:50:20 v/v/v, 300 mL) and heated to reflux (~105 °C) for 24 hours.  Insoluble 
material was removed by filtration and repeatedly washed with 5% aqueous acetic acid 
resulting a dry pulp (45.5%) fraction and lignin liquor fraction. The lignin liquor fraction 
was diluted with water and the resulting precipitate was filtered, washed with water, and 
dried at 40 °C. Crude FAL lignin was obtained in 15% yield with respect to starting 
switchgrass. 
4.2.5 MALDI Experiments 
MALDI-TOF mass spectra were acquired using a Bruker UltraFlextreme 
(Billerica, MA).  Ions signals were acquired in the positive ion reflectron mode between 
m/z 100 - 600 controlled by FlexControl software (version 3.3). The dimer samples were 
acquired using AutoXecute, with following parameters: laser power, 35-60%; 200 shots; 
ion source 1, 25.00 kV; ion source 2, 22.25 kV; lens, 7.00 kV; reflector, 26.45 kV; and 
reflector 2, 13.40 kV. Lignin polymers and natural lignin were acquired manually via the 
same parameters at a larger m/z range. The laser was a Smartbeam 2 (Bruker Daltronics) 
Nd:YAG laser at 355 nm. This instrument also has the ability to do MALDI-LIFT 
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TOF/TOF analysis using laser induced dissociation (LID) to form fragment ions, instead 
of using collisionally-induced dissociation (CID). These data were acquired in the 
positive ion reflectron LIFT mode between m/z 0 - 450, and the parameters are as 
follows: laser power boost, 30%; shots, 500; PCIS window, 4-5 Da; ion source 1, 7.5 kV; 
ion source 2, 6.8 kV; lens, 3.5 kV; reflector, 29.5 kV; reflector2, 13.40 kV; LIFT 1, 19.00 
kV; and LIFT 2, 3.70 kV. All mass spectral data was analyzed using the FlexAnalysis 
software (version 3.3). 
Four salt solutions; lithium chloride, lithium acetate, sodium chloride, and silver 
trifluoroacetate; were prepared at concentrations of 10 mM in water. The DHAP matrix 
was prepared at 6.5 mg/mL in acetonitrile, and the CHCA matrix that was prepared at 
0.1mg/mL in 10:90 water: acetonitrile with 0.1% trifluoroacetic acid. All salt solutions 
were spotted on the stainless-steel target individually and allowed to air dry at room 
temperature. Next, each of the nine dimers were spotted on top of the salt solutions and 
allowed to dry. Finally, the matrix was added on top of each sample and allow to dry. All 
possible combinations of the salt solutions, dimers, and matrices were spotted, dried, and 
analyzed (72 total). Control spots without any salt solutions were also made for each of 
the nine dimers in the CHCA and DHAP matrices to ensure that all of the observed signal 
was due to the cation source. Only the DHAP matrix samples were acquired in the LIFT 
mode. 
For direct comparison of the degree of cationization of the lignin dimers using 
different cation sources between the two matrices, an internal standard of 
hexadecyltrimethylammonium bromide (HDTMA) was prepared at a 1 μM concentration 
and introduced into the experiment. The spotting technique was the same as previously 
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stated, but the spotting order was salt solutions, HDTMA, dimers, and then matrices. 
Again, all possible combinations were spotted, dried, and analyzed. The same spotting 
technique was utilized for the repeatability experiment using only HH, GG, and SS 
dimers along with the HDTMA internal standard. Each of these three dimers was spotted 
7 times, dried, and analyzed. 
4.3 RESULTS 
The nine model dimers were analyzed using the cationization MALDI-TOF mass 
spectrometric method in two different matrices. HDTMA was used for direct comparison 
of these experiments and for reproducibility purposes. Structural information based on 
LID were obtained with a MALDI-LIFT TOF/TOF mass spectrometer, and the results are 
discussed below. Initial experiments determined that the minimum concentration required 
for efficient cationization of lignin with each of the cation sources was 10mM. It was also 
found that the HDTMA internal standard concentration needed to be 1μM so that the 
signal intensity produced was similar to the other ions’ signals.  
4.3.1 MALDI-TOF Full Spectra in DHAP Matrix 
The calculated and observed m/z values for each of the cation sources with each 
of nine dimers is shown in Table 4.1. All of the control samples without the cations 
present did not produce any signals relating to its corresponding dimer, with the 
exception of the H-(-O-4)-S, G-(-O-4)-G, and S-(-O-4)-H dimers all producing an ion 
signal at m/z 376. The m/z 376 signals were actually present in all samples and was 
attributed to matrix background ions instead of the dimers, therefore that signal was 
disregarded. It should also be noted that the signals at m/z 242 are present in all samples, 
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which was found to be a tetrabutylammonium ion from tetrabutylammonium fluoride 
used in the dimer synthesis. 
Table 4.1. MALDI Full Spectrum Data for all Cationized Dimers. 
Dimer Structure MW  [M+Li]+ 
m/z
 [M+Na]+  
m/z
 [M+Ag]+ 
m/z 
H-(-O-4)-H 316 323 339 423 
H-(-O-4)-G 346 353 369 453 
H-(-O-4)-S 376 383 399 483 
G-(-O-4)-H 346 353 369 453 
G-(-O-4)-G 376 383 399 483 
G-(-O-4)-S 406 413 429 513 
S-(-O-4)-H 376 383 399 483 
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The H-(-O-4)-S dimer was used as a model compound for cationization 
comparison purposes, and its mass spectra is shown in Figure 4.1. The lithium acetate 
and lithium chloride cation sources both produced ions at m/z 383, which is consistent 
with the calculated value for a H-(-O-4)-S dimer of 376 g/mol plus a lithium ion. Both 
spectra are very similar in complexity and observed signals, but lithium acetate’s signal 
intensity is slightly more intense than lithium chloride. We believe that the counter anion 
may be the factor in dispersing the lithium cation during sample spotting thus affecting 
the signal intensity. 
Using sodium chloride as the cation source produced an ion at m/z 399, which is 
consistent with the calculated value for a H-(-O-4)-S dimer of 376 g/mol plus a sodium 
ion. The sodium ion produced fewer background ions compared to either lithium source 
and higher intensity values.  When silver trifluoroacetate was used as the cation source, 
ions at m/z 483 and 485 were observed originating from the silver isotopes 107Ag and 
109Ag, respectively. Due to silver’s two abundant isotopes mass spectral data with silver 
is more complex than lithium and sodium, and intensity signals were comparatively 
lower.  
S-(-O-4)-G 406 413 429 513 
S-(-O-4)-S 436 443 459 543 
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Figure 4.1. (+) MALDI spectra of H-(-O-4)-S dimer analyzed with the cation sources of a) 
LiOAc (m/z 383), b) NaCl (m/z 399), c) LiCl (m/z 383), and d) AgC2F3O2(m/z 483). 
4.3.2 MALDI-TOF Full Spectra in CHCA Matrix 
All of the control samples in the CHCA matrix were blank, meaning that no 
signals corresponding to a dimer plus a proton were observed.  This further proves that 
the observed signal at m/z 376 in the previous experiment was due to the DHAP matrix 
30 
and not the dimers themselves. The only cation source in the CHCA matrix that produced 
a signal that was visible for all nine dimers was sodium chloride, which still gave weak 
ion signals. Because of the weak and inconsistent signals of the dimers in the CHCA 
matrix, mass spectra were not included.  
4.3.3 MALDI-TOF Full Spectra for Direct Comparison of Dimer Cationization  
To determine the best cationization source for analyzing lignin in the positive 
mode, lithium chloride, lithium acetate, sodium chloride, and silver trifluoroacetate were 
compared to each other in a DHAP matrix with the HDTMA standard. Each of these was 
also compared to the same four cationization sources in a CHCA matrix with the 
HDTMA standard to get a baseline level of cationization in a typical matrix. Again, not 
all dimers produced a signal in the CHCA matrix, so only the dimers with observed 
signals were used for comparison. With the HDTMA introduced into the samples, the 
mass spectral data became more complex and difficult to interpret compared to the 
previous experiment, therefore, the mass spectral data was not included.  
To compare the cation sources directly, the ratio of the peak intensities of the 
dimer plus the cation signal to the HDTMA internal standard signal were analyzed and 
plotted as the percent intensity increases for each of the different cations in the two 
matrices shown in Figures 4.2 and 4.3. Because all of the control samples did not produce 
a signal, all of the intensity given off by the sample is due to the addition of the cation.  
It is obvious from the data that the DHAP matrix performs significantly better 
than the CHCA matrix for all of the cation sources. We believe this is due to the DHAP’s 
matrix’s ability to decouple the desorption phenomenon of MALDI-TOF from the 
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ionization process. The addition of cations alone into the matrices does increase the 
intensity, but for the best result, the DHAP matrix is needed.   
Figure 4.2. Bar graphs of the average percent intensity increase for all nine dimers with each 
cation source in a DHAP matrix are plotted. Error bars are shown as the %RSD for each cation 
source.  
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Figure 4.3. Bar graphs of the average percent intensity increase for the dimers with observed 
signals with each cation source in a CHCA matrix are plotted. Error bars are shown as the 
standard deviation for each cation source.  
The relative standard deviations (%RSD) of all of the cation’s signals are very 
high. This could be due to how the crystal formed on the target and the spotting 
technique, which are both difficult to control with manual pipetting. Another reason 
could be that we were trying to make a direct comparison between all nine dimers and 
each of the cation sources which have very different relative response factors overall. The 
variability in intensity between the dimers was much larger than the variability in 
intensity between the cation sources, making a bulk dimer comparison impossible. 
4.3.4 MALDI Dimer Cationization Replicates 
Since the bulk comparison of the dimers was not successful, we instead selected 
three of the dimers and compared seven replicates to a HDTMA internal standard in the 
presence of either LiCl or NaCl to get the ratio of the peak intensities in the DHAP 
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matrix. These were then plotted as the average percent intensities for each of the dimer 
and cation pairs shown in Figure 4.4. Since the CHCA matrix did not produce signals for 
all of the nine dimers in the previous experiments, it was not included in this analysis.  
For the HH dimer, the lithium cation produced an intensity increase of 139% ± 
29% compared to the control where no cation is present. The sodium cation produced a 
similar intensity increase of 126% ± 50%. The GG dimer was a slightly higher in 
intensity with the lithium cation at 185% ± 30% and the sodium cation at 158% ± 55%. 
The SS dimers were much higher in intensity with values of 868% ± 22% for lithium and 
418% ± 28% for sodium. We attributed this large increase in intensity for the SS dimer to 
lithium’s preferability to be in a tetrahedral geometry. The extra methoxy group on the 
SS dimer allows lithium to have a coordination number of four, which is very stable (25). 
This explains why the HH dimer and GG dimer have much lower intensity values 
because they are in a less stable geometry with lithium.  
For all dimers in this experiment, the lithium cation out-performed the sodium 
cation in average percent intensity increase and in the relative standard deviation (%RSD) 
values, meaning that the lithium cation produces more intense signals with a better 
reproducibility. The %RSD of all of the cation’s signals are fairly high. This is most 
likely due to how the crystal formed on the target and the spotting technique, which again 
are both difficult to control with manual pipetting.  
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Figure 4.4. Bar graphs showing the average percent intensity increase of the seven replicates of 
dimers HH, GG, and SS with either LiCl or NaCl as the cation source. Error bars are shown as the 
%RSD for the replicates. 
4.3.5 Lignin Polymers and FAL Lignin MALDI-TOF Analysis 
Since LiCl preformed the best in reproducibility and signal intensity testing with 
the DHAP matrix, the combination was analyzed with HRP synthesized polymers, ferric 
chloride synthesized polymers, and FAL lignin that was extracted from switch grass. 
Analyzing these differing systems of lignin will allow us to attack the lignin ionization 
problem from both a top-down and a bottom-up analytical approach allowing for a 
stronger proof of concept. 
35 
Figure 4.5 shows the MALDI-TOF data of the a) HRP G polymer and the b) ferric 
chloride G polymer with LiCl in the DHAP matrix. The G polymers each contain 
different bonding motifs such as -O-4, -, and -5, which produces clusters of dimers, 
trimers, ect. Because the two G polymers were synthesized via different techniques, the 
most intense signals for each of the clusters are not the same. However, both of the 
polymers contained lithiated oligomer clusters from dimers up to decamers with 
increased signal intensity.  
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Figure 4.5. (+) MALDI spectra of a) HRP G polymer and b) Ferric chloride G polymer both with 
LiCl cation sources. 
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Figure 4.6. (+) MALDI-TOF spectra of zoomed in tetramer region for the a) HRP G polymer and 
b) Ferric chloride G polymer both with LiCl cation sources.
Looking at the dimer mass range, the HRP oligomers were dominated by m/z 365 
consistent with -, and -5 bonding and the -O-4 dimer at m/z 383 was less than 20% 
as previously reported by Ralph and coworkers.41 In contrast, the ferric chloride prepared 
oligomers showed a significant m/z 383 indicating the dominance of -O-4 bonding in 
these oligomers.  This difference in bonding selectivity can be observed the various stage 
of oligomerization.  For example, in the tetramer region of the HRP oligomer shown in 
Figure 4.6, we can clearly see a large m/z 723, which corresponds to all - or -5 type 
bonding. The tetramer clusters at m/z 739 and 755 correspond to replacing one and two 
- or -5 bonds with a -O-4 bond, respectively. This polymerization did not produce a 
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tetramer cluster with all -O-4 bonds. However, the ferric chloride oligomer produced a 
smaller all - or -5 bond cluster at m/z 723 and a dominate m/z 739 cluster which 
contains one -O-4 bond. This reaction also produced a tetramer oligomer cluster 
corresponding to all -O-4 bonds at m/z 771. 
Figure 4.7. (+) MALDI spectra of extracted natural lignin in DHAP matrix with LiCl cation 
source.  
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Figure 4.8. (+) MALDI zoomed-in spectra of extracted natural lignin in DHAP matrix with LiCl 
cation source to see a) the clusters with a difference of 24 and b) the individual clusters.  
40 
The FAL switchgrass lignin extracts shown in Figure 4.7 also exhibited increased 
intensity signals like the dimers and oligomers when analyzed with DHAP and LiCl. Due 
to its complex nature, bonding type determination is very difficult, but the mass spectral 
distribution is consistent with reported natural lignin extracts.42-43 Focusing on a smaller 
region of the spectrum shown in Figure 4.8, one can see the different clusters of 
oligomers each showing up at every 24 mass units. If one looks even closer to an 
individual oligomer cluster, a peak at nearly every mass can be seen. These spectra 
clearly show how incredibly complex lignin’s structure is and why it is so important to be 
able to successfully ionize lignin products for analysis.  
4.3.6 MALDI-LIFT-TOF/TOF Tandem Spectra of Dimer Cationization 
Because the signals were inconsistent from the CHCA matrix for all dimers and 
had lower intensities than the DHAP matrix, LIFT data was not collected for dimers in 
the CHCA matrix. Also, silver trifluoroacetate’s signals were not as impressive as lithium 
or sodium, so the silver cation’s LIFT data is not discussed. MALDI-LIFT-TOF/TOF 
tandem mass spectra were compared using H-(-O-4)-S, G-(-O-4)-G, and S-(-O-4)-H 
dimers as model compounds. These dimers all give the same precursor ion at m/z 399 for 
the sodium cation addition and m/z 383 for the lithium cation addition, but they will 
produce different fragmentation patterns upon a LID. 
Tandem mass spectra data for the lithium cationized dimers are shown in Figure 
4.9. All three dimers produced the same lithium cationized precursor ion, but the 
fragment ions were different. Each of the dimers exhibited five unique fragment ions 
specific to the dimer with a lithium cation. The proposed fragmentation pattern for the H-
(-O-4)-S dimer with lithium cationization is shown in Figure 4.10. Cleavage of the -O-
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4 bond in the HS dimer produces Ring A (m/z 173) and Ring B (m/z 216) as a lithium 
charged ion. When the -O-4 bond breaks, it normally loses a proton forming a radical 
species, but if the proton is close enough after cleavage, it can react with the radical to 
form a covalent bond. Therefore, a signal at m/z 217 is observed that is attributed to Ring 
B plus a proton and lithium (Ring B+H). The loss of water from Ring A and Ring B was 
also observed at m/z 155 and m/z 199, respectively. 
The GG dimer followed the same fragmentation pattern with Ring A at m/z 203, 
Ring B at m/z 186, and Ring B+H at m/z 187. The loss of water from Ring A and Ring B 
were observed at m/z 185 and m/z 169. It should be noted that the signal at m/z 185 could 
also be due to the loss of a proton from Ring B or the loss of H2 from the Ring B+H. The 
SH dimer again showed the same pattern of fragmentation with Ring A at m/z 233, Ring 
B at 156, Ring B+H at m/z 157, Ring A minus water at m/z 215, and Ring B minus water 
at m/z 139.  
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Figure 4.9. MALDI-LIFT-TOF/TOF tandem mass spectral data for a) H-(-O-4)-S b) G-(-O-4)-
G and c) a S-(-O-4)-H dimers using lithium chloride as the cation source. The m/z for all three 
dimers is the same at 383, but the fragmentation patterns are different.  
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Figure 4.10. Proposed fragmentation pathway for H-(-O-4)-S dimer with lithium cationization. 
The sodium cation addition tandem mass spectra for the same three dimers are 
shown in Figure 4.11. The sodium cation of all three dimers was observed at m/z 399, but 
the sodium cationization LIFT data does not follow the same pattern as lithium. In fact, 
the only fragmentation signal that is visible for the dimers is Ring B plus a sodium ion at 
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m/z 232 for HS, m/z 202 for GG, and m/z 172 for SH. Although the sodium cation 
produced the highest intensity signals in the MALDI-TOF full mass spectrum, it cannot 
be used for accurate sequencing of fragment ions. Table 4.2 shows the observed 
sequencing ions for all nine dimers with sodium and lithium cationization.  
We believe that the reason lithium ions can ionize both Ring A and Ring B is 
because of their smaller size and larger charge density compared to sodium ions. When a 
lithium ion interacts with a dimer, the smaller ionic radius of lithium allows it to get 
closer to the dimer and form a semi-stable interaction. Therefore, a population of lithium 
cationized dimers forms that can occupy all the statistically relevant positions on the 
dimer. Upon LID, the power of the laser is increased causing the population of lithium 
cationized dimers to fragment and produce all the possible lithium fragment ions. 
Conversely, the larger ionic radius of sodium forms a weaker interaction with the dimer, 
and during LID, the sodium would move to the most stable location on the dimer, which 
appears to be on Ring B from the observed data. The Ring A fragment ion would no 
longer have a sodium ion attached and would go away as a neutral, which is why it is not 
visible in the LIFT spectra. More information needs to be collected to determine exactly 
what position the lithium and sodium ions interact with on the dimer.  
45 
Figure 4.11. MALDI-LIFT-TOF/TOF tandem mass spectral data for a) H-(-O-4)-S b) G-(-O-
4)-G and c) a S-(-O-4)-H dimers using sodium chloride as the cation source. The m/z for all 
three dimers is the same at 399, but the fragmentation patterns are different. 
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Table 4.2. MALDI-LIFT-TOF/TOF tandem mass spectral data for dimers with lithium and 
sodium cationization. 
* Signals were observed at the correct m/z value but were below the signal intensity cut-off of 1%
and therefore were not included in the table.
4.4 CONCLUSION 
MALDI-TOF mass spectrometry has not been routinely used to study lignin 
degradation products due to previously reported poor resolution and low signal 
intensities. The combination of the DHAP matrix and lithium cationization provides a 
Dimer LiCl Ring 
A + Li+ 
LiCl Ring A 
– H2O + Li+
LiCl Ring 
B + Li+ 
LiCl Ring B 
+ H + Li+
LiCl Ring B 
– H2O + Li+
NaCl 
Ring A 
NaCl 
Ring B 
H-(-O-4)-H 173 155 156 157 139 NA *
H-(-O-4)-G 173 155 186 187 169 NA 203
H-(-O-4)-S 173 155 216 217 199 NA 232
G-(-O-4)-H 203 185 156 157 139 NA *
G-(-O-4)-G 203 185 186 187 169 NA 202
G-(-O-4)-S 203 185 216 217 199 NA 232
S-(-O-4)-H 233 215 156 157 139 NA 172
S-(-O-4)-G 233 215 186 187 169 NA 202
S-(-O-4)-S 233 215 216 217 199 NA 232
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significant increase in average signal intensity along with less complex, reproducible 
spectra in the positive mode. It also allows for structural sequencing of lignin model 
compounds using a MALDI-LIFT-TOF/TOF mass spectrometer in the positive mode. 
Our research gives an effective analytical tool for the analysis of lignin degradation 
products from both a top-down and bottom-up analytical approach and takes a step closer 
to solving the lignin ionization problem.  
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CHAPTER 5: CONCLUSION 
 Ionization efficiency has proven to be a major problem in analyzing lignin 
degradation products via mass spectrometry. In this thesis, we attempted to solve the 
lignin ionization issue by employing different adducts to increase signal intensity and 
resolution. The dansylation method used for lignin monolignols was successful and 
improved overall ionization efficiency in the positive ion mode but was unsuccessful 
when applied to larger lignin compounds due to steric hinderance. The Yoshioka 
methodology was successfully modified for a faster, small-scale polymerization reaction 
that produced oligomers that were used as a larger lignin model compounds for future 
analysis. The combination of the DHAP matrix and lithium cationization in the MALDI-
TOF analysis provided a significant increase in average signal intensity for dimers, HRP 
oligomers, ferric chloride oligomers, and FAL lignin in the positive mode. The MALDI-
LIFT-TOF/TOF analysis also allowed for structural sequencing of lignin model 
compounds in the positive ion mode. Our research gives an effective analytical tool for 
the analysis of lignin degradation products and takes a step towards being able to create 
better lignin break-down methods to produce renewable products from lignin. 
Future work on ESI -MS is already being completed by a fellow researcher in our 
lab who is spiking lithium cations into lignin infusion solutions to increase ionization 
efficiency and sequence lignin oligomers on the high-resolution Q Exactive mass 
spectrometer. H and S polymers should be synthesized and analyzed via MALDI-TOF 
for comparison to our G polymerization reactions. The three monolignols could be mixed 
and then polymerized to determine reaction order and bonding specificity, which could 
potentially model real lignin polymerization in plants. Additionally, sequencing of larger 
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oligomeric systems via our MALDI-LIFT-TOF/TOF methodology would help to 
determine bonding motifs in different synthesized oligomers and natural lignin extracts. 
If we are able to easily determine the structure of natural lignins, this methodology 
should provide a template for breaking down lignin for use as renewable sources of 
carbon.  
50 
REFERENCES 
(1) Forage, U. S. D.; Wavre, D. Lignin Biosynthesis. Annu. Rev. Plant Biol. 2003, 54,
519–546.
(2) Ragauskas, A. J.; Beckham, G. T.; Biddy, M. J.; Chandra, R.; Chen, F.; Davis, M.
F.; Davison, B. H.; Dixon, R. A.; Gilna, P.; Keller, M.; et al. Lignin Valorization:
Improving Lignin Processing in the Biorefinery. Science. 2014, 344, 709–719.
(3) Zhang, Yan; Liao, Jianjun; Fang, Xiangchen; Bai, Fudong; Qiao, Kai; Wang, L.
Renewable High-Performance Polyurethane Bioplastics Derived from Lignin –
Poly (ε -Caprolactone). Sustain. Chem. Eng. 2017, 5, 4276–4284.
(4) Chatterjee, S.; Saito, T. Lignin-Derived Advanced Carbon Materials.
ChemSusChem 2016, 8, 3941.
(5) Cheng, C.; Wang, J.; Shen, D.; Xue, J.; Guan, S.; Gu, S. Catalytic Oxidation of
Lignin in Solvent Systems for Production of Renewable Chemicals: A Review.
Polymers (Basel). 2017, 9 (240), 38–50.
(6) Yuan, T.; Sun, R. Role of Lignin in a Biorefinery: Separation Characterization
and Valorization. J. Chem. Technol. Biotechnol. 2012, 88 (December), 346–352.
(7) Lupoi, J. S.; Singh, S.; Simmons, B. A.; Robert, J. Recent Innovations in
Analytical Methods for the Qualitative and Quantitative Assessment of Lignin;
Elsevier, 2015.
(8) Mclafferty, F. W. Tandem Mass Spectrometric Analysis of Complex Biological
Mixtures. Int. J. Mass Spectrom. 2001, 212, 81–87.
(9) Kosyakov, D. S.; Ul, N. V; Anikeenko, E. A.; Gorbova, N. S. Negative Ion Mode
Atmospheric Pressure Ionization Methods in Lignin Mass Spectrometry: A
Comparative Study. Rapid Commun. Mass Spectrom. 2016, 30 (July), 2099–2108.
(10) Reale, S.; Attanasio, F.; Spreti, N.; De Angelis, F. Lignin Chemistry: Biosynthetic
Study and Structural Characterisation of Coniferyl Alcohol Oligomers Formed in
Vitro in a Micellar Environment. Chem. - A Eur. J. 2010, 16 (20), 6077–6087.
(11) Morreel, K.; Kim, H.; Lu, F.; Dima, O.; Akiyama, T.; Vanholme, R.; Niculaes,
C.; Goeminne, G.; Inzé, D.; Messens, E.; et al. Mass Spectrometry-Based
Fragmentation as an Identification Tool in Lignomics. Anal. Chem. 2010, 82 (19),
8095–8105.
(12) Banerjee, S.; Mazumdar, S. Electrospray Ionization Mass Spectrometry: A
Technique to Access the Information beyond the Molecular Weight of the
Analyte. Int. J. Anal. Chem. 2012, 2012, 1–40.
(13) Wang, G.; Cole, R. B. Charged Residue versus Ion Evaporation for Formation of
Alkali Metal Halide Cluster Ions in ESI. Anal. Chim. Acta 2000, 406 (1), 53–65.
51 
 
(14)  Konermann, L.; Ahadi, E.; Rodriguez, A. D.; Vahidi, S. Unraveling the 
Mechanism of Electrospray Ionization. Anal. Chem. 2013, 85 (1), 2–9. 
(15)  Dreisewerd, K. The Desorption Process in MALDI. Chem. Rev. 2003, 103 (2), 
395–425.   
(16)  Karas, M.; Gluckman, M.; Schafer, J. Ionisation in Matrix Assisted Laser 
Desorption/Ionization: Singly Charged Molecular Ions Are the Lucky Survivors. 
J. Mass Spectrom. 2000, 35, 1–12. 
(17)  Seiler, N.; Deckardt, K. Determination of Amines and Amino Acids in Sugar-
Containing Samples by Dansylation. J. Chromatogr. 1975, 107, 227–229. 
(18)  Minocha, R.; Long, S. Simultaneous Separation and Quantitation of Amino Acids 
and Polyamines of Forest Tree Tissues and Cell Cultures within a Single High-
Performance Liquid Chromatography Run Using Dansyl Derivatization. J. 
Chromatogr. A 2004, 1035 (1), 63–73. 
(19)  Guo, K.; Li, L. Differential 12C-/13C-Isotope Dansylation Labeling and Fast 
Liquid Chromatography / Mass Spectrometry for Absolute and Relative 
Quantification of the Metabolome. Anal. Chem. 2009, 81 (10), 3919–3932. 
(20)  Wu, Y.; Li, L. Determination of Total Concentration of Chemically Labeled 
Metabolites as a Means of Metabolome Sample Normalization and Sample 
Loading Optimization in Mass Spectrometry-Based Metabolomics. Anal. Chem. 
2012, 84 (24), 10723–10731. 
(21)  Luo, X.; An, M.; Cuneo, K. C.; Lubman, D. M.; Li, L. High-Performance 
Chemical Isotope Labeling Liquid Chromatography Mass Spectrometry for 
Exosome Metabolomics. Anal. Chem. 2018, 90 (14), 8314–8319. 
(22)  Zhao, S.; Luo, X.; Li, L. Chemical Isotope Labeling LC-MS for High Coverage 
and Quantitative Profiling of the Hydroxyl Submetabolome in Metabolomics. 
Anal. Chem. 2016, 88 (21), 10617–10623. 
(21)  Asare, S. O.; Kamali, P.; Huang, F.; Lynn, B. C. Application of Chloride Adduct 
Ionization Tandem Mass Spectrometry for Characterizing and Sequencing 
Synthetic Lignin Model Compounds. Energy & Fuels 2018, 32 (5), 5990–5998. 
(22)   Landucci, L. L. Reaction of P-Hydroxycinnamyl Alcohols with Transition Metal Salts. 1. 
Oligolignols and Polylignols (DHPs) from Coniferyl Alcohol. J. Wood Chem. Technol. 
1995, 15 (3), 349–368. 
(23)  Hollmann, F.; Arends, I. W. C. E. Enzyme Initiated Radical Polymerizations. 
Polymers. 2012, 4 (1), 759-793.  
(24) Terashima, N.; Atalla, R. H.; Ralph, S. A.; Landucci, L. L.; Lapierre, C.; Monties, 
B. New Preparations of Lignin Polymer Models under Conditions That 
52 
Approximate Cell Wall Lignification: II. Structural Characterization of the 
Models by Thioacidolysis. Holzforschung 1996, 50 (1), 9–14. 
(25) Van Parijs, F. R. D.; Morreel, K.; Ralph, J.; Boerjan, W.; Merks, R. M. H.
Modeling Lignin Polymerization. I. Simulation Model of Dehydrogenation
Polymers. Plant Physiol. 2010, 153 (3), 1332–1344.
(26) Yoshioka, K.; Ando, D.; Watanabe, T. A Comparative Study of Matrix- and
Nano-Assisted Laser Desorption/ Ionisation Time-of-Flight Mass Spectrometry of
Isolated and Synthetic Lignin. Phytochem. Anal. 2012, 23 (3), 248–253.
(27) Richel, A.; Vanderghem, C.; Simon, M.; Wathelet, B.; Paquot, M. Evaluation of
Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry for Second-
Generation Lignin Analysis. Anal. Chem. Insights 2012, 7 (1), 79–89.
(28) De Angelis, F.; Fregonese, P.; Veri, F. Structural Investigation of Synthetic
Lignins by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry. Rapid Commun. Mass Spectrom. 1996, 10 (June), 1304–1308.
(29) Basso, M. C.; Pizzi, A.; Delmotte, L.; Abdalla, S. Analysis of the Cross-Linking
Reaction of Lignin with Triethyl Phosphate by MALDI-TOF and 13C NMR.
Polymers (Basel). 2017, 9 (206), 1–15.
(30) Penno, M.; Ernst, M.; Hoffmann, P. Optimal Preparation Methods for Automated
Matrix- Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry
Profiling of Low Molecular Weight Proteins and Peptides. Rapid Commun. mass
Spectrom. 2009, 23, 2656–2662.
(31) Wenzel, T.; Sparbier, K.; Mieruch, T.; Kostrzewa, M. 2,5-
Dihydroxyacetophenone: A Matrix for Highly Sensitive Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight Mass Spectrometric Analysis of Proteins
Using Manual and Automated Preparation Techniques. Rapid Commun. Mass
Spectrom. 2006, 20 (5), 785–789.
(32) Hayasaka, T.; Goto-Inoue, N.; Masaki, N.; Ikegami, K.; Setou, M. Application of
2,5-Dihydroxyacetophenone with Sublimation Provides Efficient Ionization of
Lipid Species by Atmospheric Pressure Matrix-Assisted Laser
Desorption/Ionization Imaging Mass Spectrometry. Surf. Interface Anal. 2014,
46, 1219–1222.
(33) Jovanovic, M.; Peter-Katalinic, J. Negative Ion MALDI-TOF MS, ISD and PSD
of Neutral Underivatized Oligosaccharides without Anionic Dopant Strategies,
Using 2,5-DHAP as a Matrix. J. Mass Spectrom. 2016, 51 (2), 111–122.
(34) Hoberg, A. M.; Haddleton, D. M.; Derrick, P. J. Updating Evidence for
Cationization of Polymers in the Gas Phase during Matrix-Assisted Laser
Desorption/Ionization. Eur. Mass Spectrom. 2005, 3 (6), 471–473.
53 
(35) Hernandez, O.; Isenberg, S.; Steinmetz, V.; Glish, G. L.; Maitre, P. Probing
Mobility-Selected Saccharide Isomers: Selective Ion-Molecule Reactions and
Wavelength-Specific IR Activation. J. Phys. Chem. A 2015, 119 (23), 6057–6064.
(36) Olsher, U.; Izatt, R. M.; Bradshaw, J. S.; Dalley, N. K. Coordination Chemistry of
Lithium Ion: A Crystal and Molecular Structure Review. Chem. Rev. 1991, 91 (2),
137–164.
(37) Suckau, D.; Resemann, A.; Schuerenberg, M.; Hufnagel, P.; Franzen, J.; Holle, A.
A Novel MALDI LIFT-TOF/TOF Mass Spectrometer for Proteomics. Anal.
Bioanal. Chem. 2003, 376 (7), 952–965.
(38) Zhan, L.; Xie, X.; Li, Y.; Liu, H.; Xiong, C.; Nie, Z. Differentiation and Relative
Quantitation of Disaccharide Isomers by MALDI-TOF/TOF Mass Spectrometry.
Anal. Chem. 2018, 90 (3), 1525–1530.
(39) Kurogochi, M.; Matsushita, T.; Nishimura, S. I. Post-Translational Modifications
on Proteins: Facile and Efficient Procedure for the Identification of O-
Glycosylation Sites by MALDI-LIFT-TOF/TOF Mass Spectrometry. Angew.
Chemie - Int. Ed. 2004, 43 (31), 4071–4075.
(40) Minamisawa, T.; Suzuki, K.; Hirabayashi, J. Systematic Identification of N-
Acetylheparosan Oligosaccharides by Tandem Mass Spectrometric
Fragmentation. Rapid Commun. Mass Spectrom. 2006, 20 (2), 267–274.
(41) Holmgren, A.; Brunow, G.; Henriksson, G.; Zhang, L.; Ralph, J. Non-Enzymatic
Reduction of Quinone Methides during Oxidative Coupling of Monolignols:
Implications for the Origin of Benzyl Structures in Lignins. Org. Biomol. Chem.
2006, 4 (18), 3456–3461.
(42) Rahimi, A.; Ulbrich, A.; Coon, J. J.; Stahl, S. S. Formic-Acid-Induced
Depolymerization of Oxidized Lignin to Aromatics. Nature 2014, 515 (7526),
249–252.
(43) Simon, M.; Brostaux, Y.; Vanderghem, C.; Jourez, B.; Paquot, M.; Richel, A.
Optimization of a Formic/Acetic Acid Delignification Treatment on Beech Wood
and Its Influence on the Structural Characteristics of the Extracted Lignins. J.
Chem. Technol. Biotechnol. 2014, 89 (1), 128–136.
54 
VITA 
Amber Suzanne Bowman 
PLACE OF BIRTH 
Hephzibah, Georgia 
EDUCATION 
Bachelor of Science in Chemistry, The University of North Georgia, Dahlonega, GA, 
2015 
PROFESSIONAL POSITIONS 
Graduate Assistant, Mass Spectrometry Facility, The University of Kentucky, Lexington, 
KY, May 2017- Present 
Graduate Teaching Assistant, The University of Kentucky, Lexington, KY, August 2016- 
May 2017 
Quality Control Chemist, AmbioPharm, North Augusta, South Carolina, May 2015- July 
2016 
